A side from its superior nutritional content, when compared with formula, human milk provides significant neonatal protection against infections. Breastfed infants experience fewer and shorter bouts of infections (1) and have a lower morbidity rate, when compared with formula-fed children of a similar age (2, 3) . Exclusive use of human milk lowers the incidence of diarrhea, urinary tract infections, and otitis media in older children (4) .
Human milk contains an appreciable amount of hydrogen peroxide (H 2 O 2 ) that peaks within days after birth, before declining toward the fourth postnatal week (5). H 2 O 2 has been identified as a Jekyll and Hyde signaling molecule showing beneficial effects at physiologically relevant lower concentrations (6) , but having biologically harmful properties at higher levels. Endogenously, H 2 O 2 is mostly generated via mitochondrial oxidative phosphorylation (7) and phagocytic respiratory burst (8) , but other enzymatic processes, such as lipoxygenase, xanthine oxidase, and myeloperoxidase, contribute to its formation. H 2 O 2 is bactericidal and together with milk-containing thiocyanates (9) generates, via the lactoperoxidase system (LPS), hypothiocyanite, a non-stable molecule (10) , that further enhances its microbicidal activity (11) .
Human milk production is oxytocin-dependent (12) . Its H 2 O 2 content is regulated by the mammary epithelial cells' xanthine oxidase (XO) expression and activity. XO availability, in turn, is dependent on the expression and activity of xanthine oxidoreductase (XOR), an enzyme that converts molybdoflavoprotein xanthine dehydrogenase (XDH) to XO via either oxidation of sulfhydryl residues, or proteolysis (13) . XO, in the presence of the substrates hypoxanthine or xanthine, generates reactive oxygen species and microbicidal molecules such as superoxide, H 2 O 2 , thiocyanate and hypothiocyanite ( Figure 1) .
There is limited data on the regulatory factors responsible for H 2 O 2 generation in the mammary glands and its stability in human milk. Addressing this knowledge gap is relevant to our understanding of human milk's H 2 O 2 anti-infectious properties when fed to preterm infants.
As preterm infants cannot coordinate the suck-swallow mechanism until reaching maturity, expressed human milk, or pasteurized donor milk is gavage-fed. The extent to which the maternal human milk collection, storage, and pasteurization preserves its H 2 O 2 content has not been previously investigated. This issue is of clinical importance since LPS can induce H 2 O 2 decomposition during milk handling and storage process resulting in reduction or complete degradation of its H 2 O 2 content.
Therefore, the goal of this study was to evaluate the factors responsible for H 2 O 2 generation and degradation of mother's milk.
METHODS

Design
Studies were conducted in a laboratory setting utilizing human milk donor samples and lactating rat mammary tissue and milk, as well as their pups' milk curds.
Animals
All procedures were conducted in accordance with the Canadian Animals for Research Act and Canadian Council on Animal Care regulations, and the Animal Care Committee of the Hospital approved the study protocol for Sick Children. Sprague-Dawley rats (Charles River, Montreal, QC, Canada) were studied. These included adult and younger animals at 1, 2, and 3 weeks of age. They were fed regular rodent pellets and were housed under standard lighting and temperature conditions. The animals were killed by pentobarbital sodium injection (60 mg/kg ip (adult)), and the gastric tissue was quickly excised.
Human Milk
Fresh human mother's milk samples were obtained from healthy volunteer donors (N = 5) following the informed consent and under a protocol approved by The Hospital for Sick Children Research Ethics Board. Following maternal expression, the human milk was immediately flash-frozen in liquid nitrogen, and was stored at − 80°C for further processing.
Rat Breast Tissue and Milk
Non-lactating (control) and lactating rats (N = 3 per group) were killed, and the mammary gland tissue was quickly excised, flashfrozen in liquid nitrogen, and stored at − 80°C. Lactating rat mothers' milk was collected by a non-invasive technique reported by others (14) . To evaluate the oxytocin effect on the mammary gland enzymatic activity, lactating rats received 1.5 IU of oxytocin ip 5 min prior to the tissue harvesting.
To obtain newborn gastric milk samples, 1-week-old pups (N = 6) were killed by pentobarbital sodium injection 3 h after maternal separation. The pups' stomach milk curd was retrieved and immediately frozen for further processing. In order to evaluate freshly ingested mother's milk, same age pups were separated for a 3-h period and then were returned to mothers for a 2-h period of breastfeeding. Pups were then killed, their gastric milk curd was retrieved and immediately frozen for further processing. All milk and curd samples were kept at − 80°C.
Measurements
All chemicals and reagents were obtained from Sigma-Aldrich (Oakville, ON, Canada), unless otherwise indicated.
Activity Assays and H 2 O 2 Content Measurements
Tissue XD+XO and XO were assayed in the presence and absence of NAD + , respectively, as previously described (15) . Briefly, rat mammary glands were homogenized in 50 mM K + phosphate buffer (pH 7.8) containing 1.0 mM EDTA, 0.2 mM PMSF, and 0.5 mM DTT, and tissue protein content was evaluated by Bradford assay (Bio-Rad, Mississauga, ON, Canada). A volume of 5 μl of homogenate was mixed with 50 μM hypoxanthine (substrate) with or without 1.0 mM NAD + , and the increase in absorbance at 295 nm following the formation of uric acid was used as a measure of the activity of XD+XO or XO, and normalized to protein content. One unit of tissue XD+XO, or XO was defined as the amount of enzyme required to form 1 μmol of uric acid/min.
For organ explant studies, the rat mammary glands were maintained overnight in DMEM (Wisent, St-Bruno, QB, Canada) supplemented with fetal bovine serum (Wisent) and 10% antibiotics/ antimycotics (Wisent) at 37°C, 5% CO 2 . Control and oxytocintreated (1 μM for 1, 7, or 30 min) tissue explants were incubated in culture medium and the H 2 O 2 content was measured using Amplex Red, as described below.
For H 2 O 2 content measurement, frozen milk samples were thawed and diluted 1:5 in PBS. Milk curds were homogenized in PBS. H 2 O 2 content of mothers' milk and pups' milk-curd samples was determined by the Amplex Red hydrogen peroxide/peroxidase assay kit (Molecular Probes, Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Briefly, samples were incubated in the reaction mixture containing 50 μM Amplex Red reagent and 0.1 U/ ml horseradish peroxidase (HRP), and fluorescence was measured at the excitation of 560 nm and emission detection at~590 nm.
To measure the human milk LPS activity, the following procedure was performed. The human milk was thawed and was maintained at room temperature for 1 h to allow complete degradation of its H 2 O 2 content. The milk was then aliquoted into four samples of similar volumes that were studied without and following HCl (6 N) addition at different concentrations to obtain the following pH values: 7, 6, 5, and 4. The milk was spiked with 100 μM of H 2 O 2 and the H 2 O 2 content changes continuously measured with Amplex Red over a 10 min period. Only human milk was utilized, since the expressed 
RESULTS
Milk H 2 O 2 Generation
First, we looked at the activity of key enzymes involved in H 2 O 2 generation in the rat breast tissue without and following oxytocin stimulation. Lactation was associated with a significant, but proportionally similar, increase in breast tissue XDH and XO activity (Figure 2a,b) . Oxytocin administration to the lactating rats disproportionally increased the activity of both enzymes. The XO activity was two-to threefold greater, while the XDH values increased to a lesser extent, when compared with non-lactating animals.
Expressed as a ratio, the breast tissue XO/XDH activity was significantly increased only for the oxytocin-treated lactating animals ( Figure 2c) . In vitro exposure of rat breast tissue explants to oxytocin resulted in rapid and significant increase in the explant-media H 2 O 2 content (Figure 3) , suggesting a direct effect of this compound on XO activity. Interestingly, the effect of oxytocin on H 2 O 2 generation was consistently higher in tissues derived from lactating animals, as compared with non-lactating rats ( Figure 3 ).
Milk H 2 O 2 Stability and Degradation
We proceeded to evaluate the H 2 O 2 content of the rat milk and pups' gastric milk curd. Milk curds obtained from pups that were first fasted to clear their stomach content and returned to the mother for a 2-h breast feeding session had measurable, but lower H 2 O 2 content, when compared with the freshly ordained rats' milk. In contrast, milk curds derived from breast-fed pups separated from their mothers for 3 h (old curds) showed an unmeasurable H 2 O 2 content (Figure 4) .
Lastly, we utilized human milk to measure the rate of H 2 O 2 decomposition according to the milk pH, since XO activity is known to be pH-dependent and highest at pH of 7. At a pH of 7, the spiked human milk's H 2 O 2 content was completely degraded in 4 min ( Figure 5) . At a pH of 4, the milk H 2 O 2 content minimally changed over the 10-min period, with intermediate results for the other tested pH values ( Figure 5) . To confirm that the spiked human milk H 2 O 2 degradation was dependent on the enzyme activity of its constituents, we obtained measurements at pH of 7 in the absence and presence of the LPS and catalase inhibitor 3-AT (10 − 3 M) (16, 17) . 3-AT completely abolished H 2 O 2 degradation ( Figure 6 ).
DISCUSSION
In this study, we identified the key factors responsible for the milk H 2 O 2 generation and degradation. Rat tissue and milk, as well as, human milk were utilized for these experiments in order to more clearly evaluate the H 2 O 2 pathways during lactation and newborn consumption.
We documented that lactation in the rat is associated with increased breast tissue XO and XDH activity that is further enhanced by oxytocin administration indicating the importance of this transduction factor in the process. The pattern of changes is such that oxytocin increased XO activity to a further extent than documented for the XDH enzyme isoform.
We further showed that in newborn rats, H 2 O 2 is present in freshly collected milk curds suggesting that its gastric biological activity is maintained. In contrast, the human milk H 2 O 2 content was rapidly degraded by the LPS and the enzymatic activity and the rate of decomposition was highest at a pH 7.
The lactating mammary gland is composed of branching ducts ending in alveolar clusters where the milk is produced. A single layer of polarized secretory epithelial cells forms the alveolar walls that are surrounded by myoepithelial cells embedded in vascularized connective tissue stroma. Milk lipids, primarily triglycerides, are synthesized in the smooth endoplasmic reticulum, at the basal region of the lactating alveolar cell (18) .
Newly synthesized lipid molecules are coated by protein membranes forming cytoplasmic lipid droplets that are then transported to the apical plasma membrane, where they are secreted as milk fat globules (19) . Figure 1 illustrates this process.
XOR is distributed among an intra-membranous pool. XO and XDH are the two present isoforms but the content of the latter predominates (12)). Milk XO generation depends on membrane-bound sulfhydryl oxidase during the secretion process (20) . Human sulfhydryl oxidase converts milk XDH to XO by oxidizing two vicinal thiols (21) . Sulfhydryl oxidase is confined to the apical mammary gland epithelial membrane and milk product present in the alveolar lumen. This suggests that the XDH to XO conversion occurs when the fat droplet is released into the mammary gland lumen (22) .
Ejection of milk is dependent on the hormone oxytocin. Stimulation of oxytocin receptors produces an increase in contractions of myoepithelial cells that are located on the surface of the alveoli and along the mammary gland ducts. When myoepithelial cells contract, their compression increases intra-alveolar pressure resulting in duct changes that facilitate the passage of milk (23) .
Freshly ordained human milk contains reactive oxygen species molecules with antimicrobial activity, of which H 2 O 2 plays an important role (24) . The H 2 O 2 generation in human milk is dependent on the sulfhydryl oxidase expression/ activity (25) . During the first postpartum week, the milk H 2 O 2 concentration is on average threefold higher than at 4 weeks' post partum (5).
It appears that the H 2 O 2 generation at the time that the milk is ejected has an antibacterial effect. Whether such effect is solely to protect the mother against mastitis, as suggested by some (26) , or has an equally important antimicrobial protective role for the neonate is unclear. The data from our study suggest that it may have both effects.
We demonstrated that, when compared with basal conditions, in vivo oxytocin stimulation increases the XO/XD ratio. We also showed that breast tissue in vitro exposure to oxytocin enhances H 2 O 2 generation. We found a significant Articles | Cieslak et al.
inverse linear interrelationship between LPS activity and H 2 O 2 content, suggesting that this enzymatic pathway plays a major role in H 2 O 2 degradation, as suggested by others (13) . Catalase, an ubiquitous enzyme in milk, most likely accounts for the remaining H 2 O 2 decomposition (13).
The average human newborn gastric pH is 5.4 at 15-60 min after birth, declining to 3.1 after 1 h of life (27) . In the present study, we confirmed that at an acidic pH, H 2 O 2 is not degraded by the enzymes contained in milk. This was based on documenting in newborn rats, the gastric presence of sufficient amounts of this molecule in fresh milk curds. Thus, it is reasonable to conclude that human milk-derived H 2 O 2 of breastfed neonates has biological activity in the stomach.
Human milk containing H 2 O 2 may contribute to the antimicrobial defense mechanism of the neonate even prior to reaching the gastric space. Al-Shehri et al. (5) reported that human milk, when mixed with neonatal saliva, generate up to 40 μM of H 2 O 2 , a concentration sufficient to inhibit growth of opportunistic pathogens such as Staphylococcus aureus and Salmonella spp. LPS also catalyzes the oxidation of thiocyanate (part of saliva) forming hypothiocyanate that has effective antimicrobial properties against both Gram positive and Gram negative bacteria (28) .
The present study findings raise concerns as to whether the gavage-fed human milk provided to preterm infants has a H 2 O 2 content comparable to the one obtained during breastfeeding. This is so, since preterm infants are commonly fed stored frozen human milk, or pasteurized donor milk (29) . There is often a significant delay between pump-aided human milk collection and sample freezing. On the basis of the findings from the present study, such delays and exposure to room temperature promotes H 2 O 2 degradation. In addition, human milk handling procedures such as pasteurization are also known to negatively impact on its anti-infective properties (29) .
The present data also raise the question of whether therapeutic H 2 O 2 breastmilk supplementation is clinically justified. Given the, above discussed, anti-infective properties, prior to gavage-feeding H 2 O 2 addition to breastmilk samples with lower concentration of this metabolite is of potential benefit. Yet, we are not aware of any clinical studies evaluating such approach. At high H 2 O 2 concentrations, enteral intake by adults was associated with embolic events and increased risk of death (30) . As such, further studies are warranted to evaluate the risks and potential benefit of breastmilk H 2 O 2 supplementation for neonates.
Limitations
Rat and human samples were used in this study. Utilizing animal samples to gain knowledge about human milk has limitations. Yet, to obtain similar measurements from human mammary glands would be challenging. Equally problematic is to evaluate the gavage milk intragastric H 2 O 2 content in healthy preterm infants. Although informative to the human physiology, the animal data presented in this study require confirmation before the findings can be extrapolated to human milk.
CONCLUSION
By studying rat and human milk biology, we uncovered the process involved in H 2 O 2 generation and post-expression degradation by its own containing enzymes. When neonates are breastfeed, the LPS-and catalase-dependent H 2 O 2 degrading effect is minimized by delivering fresh human milk directly to the stomach. In contrast, preterm infants are gavage-fed previously expressed, stored, and manipulated human milk that facilitates significant H 2 O 2 degradation. If gavage-fed preterm infants are to benefit from its potential antimicrobial properties, further investigation is warranted on better collection and storage methods to preserve the human milk-derived H 2 O 2 content.
